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(57) Abstract 



A TDD antenna array S-CDMA sys- 
tem for increasing the capacity and qual- 
ity of wireless communications is disclosed. 
By simultaneous exploiting the spatial and 
code diversities, high performance commu- 
nications between a plurality of remote ter- 
minals and a base station is achieved with- 
out sacrificing system fiexibility and robust- 
ness. The time-division-duplex mode to- 
gether with the inherent interference immu- 
nity of S-CDMA signals allow the spatial 
diversity to be exploited using simple and 
robust beamforming rather than demanding 
nulling. Measurements from an array of re- 
ceiving antennas at the base station are uti- 
lized to estimate spatial signatures, timing 
offsets, transmission powers and other prop- 
agation parameters associated with a plu- 
rality of S-CDMA terminals. Such infor- 
mation is then used for system .synchro- 
nization, downlink beamforming, as well as 
handoff management. In an examplary em- 
bodiment, the aforementioned processing is 
accomplished with minimum computations, 
thereby allowing the disclosed system to 
be applicable to a rapidly varying environ- 
ment. Among many other inherent bene- 
fits of the present invention are large ca- 
pacity and power efficiency, strong inter- 
ference/fading resistance, robustness power 
control, and easy hand-off. 
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TITLE: SMART ANTENNA CDMA WIRELESS COMMUNICATION SYSTEM 

BACKGROUIV P OFTHt; U NVF .IVTIOrM 

This invention relates in general to the field of wireless communication systems, and more particularlv 
to spread spectrum CDMA communications with antenna arrays. 

The communication infrastructure of future wireless ser\'iccs will involve high-speed tietworks. central 
base stations, and various nomadic mobile units of different complexity that must interoperaie seamlesslv. (n 
addition to standard issues such as capability and affordability, a mobile wireless network also emohasizes 
survivability ajzainst fading and interference, system tlexibility and robustness, and fast access. Innovative 
communication technologies are strategically important to the realization of high performance Personal Com- 
munications Serv'ices [PC^) systems (11 Cioodman. "Trends in Cellular and Cordless Communications". 
IEEE Communications Magazme. June 1991). 

In PCS and other wireless communication systems, a central base station communicates wiih a pluralirv' 
of remote termmals. Frequency -division multiple access (FDMA) and Time-division multiple access (TDMA) 
are the traditional multiple access schemes to provide simultaneous services to a number of temiinals. The 
basic idea behind FDMA and 'I'DMA techniques is to slice the available resource mto multiple frequencv or 
tmie slots, respectively, so that multipie termmals can be accommodated witliout causing interference, 

Contrasting these schemes which separate signals in frequency or Uine domams. Code-division multiple 
access (CDMA) allows multiple users to share a common frequency and time channel hv using coded 
modulation. In addition to bandwidth efficiency and inieifcrence immunity. COMA has shown real promise in 
wireless applications for its adaptability to dynamic traffic paUenis in a mobile environment. Because of these 
mirinsic advantages. CDMA is seen as the generic next-gcneralion signal access strategy for wireless 
communications. However, cuirent commercial Cl'^MA technologies, e.g.. the IS-95 standard developed by 
Q)ualcomm, still have substantial practical problems, the most imponant being a stringent requirement for 
accurate and rapid control of a terminals' transmission power. Although the power control problem mav be 
alleviated by the use of synchronous CDMA (S-CDMA) techniques, this introduces other problems in. e.g., 
synchroni/auon. For more information, plea.se refer to M. K. Simon et al.. "Spread Spectrum Communications 
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Handbook". McGraw-Hill. 1994'. Busiainanle ci al.. "Wireless Direct Sequence Spread Speciruni Digual 
Cellular Telephone Sysiem, U.S. Pat. No. 5.375.140, 12/1994: Schilling. "Synchronous Spread-Spectumi 
Communications System and Method", U.S. Pat. No. 5,420,896. 5/1995. 

It is well known that given a fixed amount of frequency allocation, there exists an upper limit on the 
number of channels available for reliable communications at a certain data rate. Therefore, the aforementioned 
schemes can only increase the system capacit\^ and performance to a ceaain extent. To exceed this limit, 
additional resources need to be allocated. The most recent attempts to increase system capacitv and 
perfonnance have attempted to exploit spatial diversities. The new dimension, i.e.. space, when properlv 
exploited by the employment of multiple antennas, can in principle lead to a significant increase in the system 
capacity (S. Andersson etal.. "An Adaptive Array for Mobile Communication Systems, 'TFIiE: 'frans. on Vch. 
Tec, Vol. 4, No. 1. pp 2.10-236, 1991 . I Winters et al.. "The Impact of Antenna Diversity on ihe Capacity of 
Wireless Communication Systems. IHEE Trans, on Communications. Vol.42. No. 2/3/4, pp 174{)-175I, 1994.) 
Other potential benefits include lower power consumption, higher immunity against fading and inteiTerence. 
more efficient handolT. and better privacy. A wireless communications system that utilizes adaptive antenna 
arrays is hereafter referred to as a Smart Antenna System. Despite of its promises however, many practical 
problems exist in smart antenna applications. For many reasons and mostly due to limitations of the existing 
wireless protocols, it is generally difficult to integrate the staic-of-the-art antenna array technologies into 
current systems. 

Seciori/ation. i.e., pailitioning a coverage area into sectors by the use of directive antennas, is one of the 
straightforward means of expk)iting the spatial diversity for capacity and performance advances. There have 
been a significant number of studies and patents in this area including S. ^Iattori. et aL. ''Mobile 
Communication System." U.S. Pat. No. 4.955,082, 1/19S9-. T. Shimizu, et at.. " High 'Throughput 
Commuiiicaiion Method and System for a Digital Mobile Station When Crossing a Zone Boundan' Dunng a 
Session." U.S. Pat. No. 4.9S9.204. 12/1989; V. Grazuino, "Antenna Array for a Cellular RF Communications 
System." U.S. Pat. No. 4.128.740. 13/1977. The seclorization approaches, however simple, ha\'e fundamental 
difficulties in handling the everchanging traffic pattern. As a result, sectorization offers onlv a limited capacity 
mcrease at the expense t)f more handoffs and complicated admmisirauon. 
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To accommodale the time-varying nature of mobile communications, adaptive antenna array 



technologies have been investigated: see e.g.. K. Yamamoto. -'Space Diversity Communications System for 
Multi-Direction Time Division Multiplex Communications'', U.S. Pal. No. 4,599734, 4/1985. D. F. Bantz 
"Diversity Transmission Strategy in Mobile/Indoor Cellular Radio Communications". U.S. Pat, No. 5 507 03^ 
4/1993; C. Wheatley, 'VVntenna System for Multipath Diversity in an Indoor Microceilular Communication 
System", U.S. Pat. No. 5,437,055, 7/1995; The most aggressive schemes, often referred to as Spatial-Division 
Multiple Access (SDMA), allow multiple terminals to share one conventional channel (frequency, time) 
through different spatial channels, thereby multiplying the .system capacity without additional frequency 
allocation (S. Andersson et al., "An Adaptive Array for Mobile Communication Systems.'TEEE Trans, on Veh. 
Tec, Vol. 4. No. 1. pp 230-236. 1991; R. Roy et al., '^Spatial Division Multiple Access Wireless 
Communicauon Systems". U.S. Pal. No. 5.515,378, 4/1996, U.S. Cl.V 

The key operations in SDMA involve spatial parameter estimation, spatial multiplexmg for downlink 
{from the base station -to remote terminals) and demultiplexing for uplink (Trom remote terminals to the base 
.station). Since most of the current wireless systems adopt Frequency-Division-Duplex (FDD) schemes, i.e., 
different earners for uplink and downlink (e g., AMPS, [S-54. GSM, etc. ). basic physical principles determine 
that the uplink and downlink .spatial charactenslics may differ substantially. Consequently, spatial operations 
in most SDMA schemes rely on direction-of-arrival (DOA) informaUon of the terminals. More specifically, 
spatial multiplexing/demultiplexing is petformed by .separating co-channel signals at differeiu directions. 

While theoretically .sound, there are critical practical problems with the current SDMA technologies, the 
must imponani ones being (i) computationally demanding algorithms for DOA and other spatial panimeier 
estimation: (ii) a stringent requiremenl for calibrated system hardware;(iii) peiformance susceptible to mouons 
and hardware/software imperfections. The first problem may be alleviated in a time -division -duplex ( TDI^) 
.system (e.g., CT-2 and DECT) where uplink and downlink have the same pnipagation patiems. In this case, a 
lerminars spatial signature, i.e.. the antenna an^ay response to signals transmitted from the terminal, can be 
utilized in SDMA - no individual mullipalh parameters is required. Nevenhclcss other key problems remain. 
These problems may vitiate the usefulness of SDMA in wireless, and especially mobile communication 
networks. 
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ll IS vvoith pointing out that the above problems are not inherent to antenna arrays, rather, they are due to 
the rigid exploitation of the spatial diversity in order to accommodate the existing wireless protocols. The 
spatial diversit\\ which are highly unstable in nature, cannot provide reliable channels for communications. 
Any attempt to add smart antennas to existing systems can only leads to sub-optimum results. From a svstem 
viewpoint, there is an evident need for a specially designed scheme which utilizes stan-of-ihc-art wireless 
technologies including the smart antennas in a unified fashion. The present invention meets this requirement 
and provides solutions for all the aforementioned difficulties. 

SUMMARY OF THg INVENTION 

The present invention comprises a wireless communications s>'stem which integrates antenna an-avs with 
synchronous CDMA techniques and time division duplexing ( TDD). Tlie resulting scheme is hereafter refen-ed 
to as Smart Antenna CDMA (SA-CDMA). The present invention provides numerous advantages over prior ait 
systems and methods, including improved system capacity and performance. 

The four design issues for wireless .systems are flexibility, quality, capacity and complexity . SA-CDMA 
is a novel scheme that addresses all these issues. The SA-CDMA .system of the present invention possc.s.ses 
most of the desirable features of prior antenna array .systems, without introducing hardware and 
computaiionallv demandmg operations which fundamentally limit the applicability of prior techniques in a 
dynamic mobile environment. 

Brietly. in accordance with the present invention, an SA-CDMA .system compri.ses a nuiliichannel 
transceiver airay with a plurality of antennas and a plurality of tran.sceivcrs. The multichannel transceiver 
airav is adapted for receiving combinations of multichannel uplink S-CDMA signals from the terminals and 
transmitting multichannel downlink S-CDMA si finals towards the lermmak The multichannel tran.sceiver 
array operates in a time division duplex manner, i.e.. is adapted for receiving {\iX) combinations of 
multichannel uplink S-CDMA signals from the^terminals during a first time frame and is adapted for 
tran.smitting t^fx^inultichannel downlink S;CDMA signals towards the terminals dunng a second lime frame. 

The svstem further includes one or more digital process{)rs (DvSPs) or processing units and associated 
memory- for peifonning the various uplink and downlink communication functions. The one or more 
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processors arc coupled to Ihc multichannel O-ansceiver array. The one or more processors execute code and 
data from the memory to implement the communication functions, such as a spatial processor, a despreader, a 
modulator, and a demodulator, among others. 

The spatial processor is coupled to the multichannel transceiver array and determines spatial signature 
estimates associated with the termmals from the combinations of multichannel uplink S-CDMA signals. The 
spatial processor also calculates uplink and downlink beamfomiing matrices based on the spatial signature 
estimates. 

The demodulator is coupled to the spatial processor and the multichannel transceiver array and 
detei-mmcs estimates of uplink messages from the termmals from the combinations of multichannel uplink S- 
CDMA signals. The modulator generates the multichannel downlink S-CDMA signals to transmit messaces 
destined for the terminals. 

Hach of the terminals mcludes a unique PN code sequence according to a CDMA access scheme. To 
obtain a spatial signature estimate for each terminal, the system utilizes a despreader to despread the 
combination of multichannel uplink S-CDMA signals. The depreader uses a respective terminal's PN code 
sequence to depread the combination of multichannel uplink S-CDMA signals to obtain a multichannel 
symbol .sequence. The spatial processor identifies a symbol sequence from the multichannel symbol sequence 
with die ma.\imum signal power and further operates to noi-maltzc the multichannel .symbol sequence wuh 
respect to ihc identified symbol sequence with the maximum signal power to i>i)tain a nui-mLilized 
multichannel .s\'mbol sequence. The average of the normalized multichannel symbol sequence is then 
calculated as the spatial signature estimate. 

In another embodiment, instead of identifying the sequence with the maximum energy and normalizing, 
the spatial processor forms a data convariance mauix of the multichannel symbol sequence and estimates the 
pnncipai eigenvector of the resulting data convariance matrix as ihe spatial signature estimate. 

In addition to providing esseniiai parameters for power control and svnchronizaiion. the spatial firocessor 
can also provide DO A estimates when required. The DOA information, logethcr with the heretofore 
unavailable delay estimates which relied distance between the terminals and the base station, are utilized m 
soft handoff and localization. 
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The above operations allow code and space diversities to be exploited simultaneously without introducinc 
undue complexity. The result is a significant advance in capacity and quality of communications, especially in 
a rapidly var>'ing mobile system. 

Therefore, the present invention has a number of basic propenies and benefits which are summarized 
below: 

1 . The SA-CDMA system of the present invention is an efficient and reliable means for utilizing both spatial 
and code diversities m wireless communications. The new scheme accounts for the dynamic nature of the 
spatial channels and achieves optimum performance enhancement with minimum complexity.. 

2. TDD operations allow downlink beamforming to be performed straightfor^vardly based on spatial signatures 
rather lhan individual muitipath parameters, thus eliminating the need for demandmg DOA estimation and 
association. 

.3. The mlerference resistance of S-CDMA signals and the spatial selectivity of sman antennas complement 
each other, thus providing superior resistance against hardware and algorithm imperfections and relaxing the 
sinngent requirements in power control. 

4. In additional to DOA information, distance information of each subscriber is also available at the base 
station, hence permitting realization of "Baton" handoff and localization. 

BRIKFnFSrRfPTrONOFT HF nRAWINCS 

The features and advantages of the present invention will become more apparent from the detailed 
description set forth bck)w when taken in conjection with the drawings in which reference characters 
correspond throughout and wherein: 

Fig. I is a graphic illustration of the pri()r seclorizaiion antenna airay system and its limitations. 

Fig. 2 is a graphic illustration of the prior SDMA wireless .system and its limitations. 

Fig. 3 illustrates how the disclosed SA-CDMA successfully overcomes the difficulties of the pnor art. 

Fig. 4 illustrates the main function modules of the disclosed SA-CDMA system for communicate message 

data to/from a plurality of leiTninals. 

I'ig. 5 illustrates one embodiment of the baseband processors m accordance with the invention. 
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Fig. 6 is a block diagram of one embodiment of the SA-CDMA system in accordance with the invention 
Fig. 7 is a block diagi'am of one embodiment of a spatial processor in accordance with the invention. 
Fig. 8 illustrates one embodiment of a modulator of the disclosed SA-CDMA system in accordance with the 
present invention. 

Fig. 9 illustrates one embodiment of a demodulator of the disclosed SA-CDMA system in accordance with the 
present invention. 

Fig. 10 diagrams one embodiment of SA-CDMA operations in an uplink and a downlink frames in 
accordance to the present invention. 

Fig. 1 1 diagrams one embodiment of spatial signature estimation operations in accordance to the present 
invention. 

Fig. 12 diagrams anodier embodiment of spatial signature estimation operations according to the present 
mvention. 

OETATLED DESCRTPTIO N OF THE PREFERRED ElVtBODIIVTFNT 

Fig. 1 shows a wireless system according to the prior an with scctonzed antennas and illustrates its 
disadvantages. The pnor art system includes a plurality of terminals 10, 12 and 14, i.e., a pluralit\' of 
subscnbers who possess tenninals for wireless ct)mmunication. The syslem also includes a base station 
comprising a multichannel tran.sceiver amiy 40 and baseband processors (not shown). By e.Nploiting the fact 
that signals j,, -v,'. and from different lenninals arrive at the base station from different paths 20, 22, 24 
and 26 within certain sectors, the multichannel transceiver an'ay (40) is configured to partition a coverage area 
WHO multiple sectors. The directional transmission and reception within each sector results in lowei" power 
consumption, higher inierteretice suppression, and higher capacity. In principle, the perfonnance enhancement 
is proportional to the number ol' sectors that Ibniied. I lowever, this is not always tmc m practice since multipaih 
retlections stemmed from one tcnninal {e.g.. s^ from path 24 and .v,' from path 20 retlectcd from structure 28) 
may not be in the .same sector, and physical pnnciples prcihibit the design of exceedingly small sectors. 
Furthermore, a terminal ( 1 2) that is located near the boundar\' of two sectt)rs may suffer from sever degradation 
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in pcrtbrmance. For ihc same reason the hand -olT problem will also exacerbated if the upplication involves 
mobile terminals. 

For the same scenario, Fig. 2 illustrates the basic principles ot'an SDMA system where co-channel sienals 
are communicated between the remote terminals (10.12,14) and the base station multichannel transceiver array 
(40) at different directions. The intent of the figure is to show that when two terminals (12.14) are closely 
located, it becomes practically inl'easible to estimate all the DO As and maintain spatial separation of co- 
channel signals (22.24) above a predetermined level. In addition, even if all the DOAs can be resolved, 
a.ssociaiion of niultipath rellections from a same .source is non- trivial. 

Fig. 3 illustrates the how the system and method of the present invention overcomes the aforementioned 
problems. As discussed further below, the present ivcntion compri.ses a Time Division Duplex (TDD^ antenna 
airay Synchronous Code Divi.sion Multiple Access (S-CDMA) communications system for communicating 
message data to/from a plurality of termmals. In accordance with the disclosed SA-CDMA scheme, orthogonal 
codes are assigned to the remote terminals (10, 1 2. 14) so that each signal possesses inherent resistance agamsi 
interference. Similar to the SDMA. spatial beamforming is utilized in the communications between the 
multichannel transceiver array (40) and the tenninals (10,12,14). One key difference however, is that, due lo 
the CDMA access scheme being used, co-channel signals do not have lo be fully separable in space. For the 
purpose of illustration, different line types are use lo represent overlapped beam patterns with distmciive code 
words. Contrasting to the prior SDMA scheme, co-channel signals at one terminal are allowed in S.'\-CDMA 
because of the interference immunity provided by CDMA. Con.sequcntly. the requircmctus of spatial 
operations are significantly relaxed. By appropriate design of beamforms to suppress rather than to elimmate 
interference, substantial advances in performance can be achieved with robust and low complexity operations, 
'f he capabilitv lo suppress interference and provide for reliable performance enhancement using antenna arrays 
is unique to the SA-CDMA invention. 

Fig. 4 is a bk)ck diagram ilhi.strating the main function modules of the disclosed SA-CDMA .svslem 
according to the prefen-ed embodiment of the invention. As mentioned above, the present invention comprises 
a Time Division Duplex (TDD) antenna array Synchronous Code Division Multiple Access ( S-CDMA) 
eomnumicaiions system for communicating message daia to/tVom a plurality of tciminals. As shown in Fig. 4. 
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the s>'stem. also referred to as a base station, comprises a multichannel transceiver array 40 counied to one or 
more baseband processors 42. The multichannel transceiver array 40 is adapted lo perlbnn wireless 
communication with a plurality of terminals 1 - P. The terminals 1 • P comprise remote communication units 
which arc used by subscribers for wireless communication. Thus a plurality of subscribers who each possess a 
terminal can communicate in a wireless fashion. Each of the terminals is configured with a unique pseudo 
noise (PN) signal or PN code sequence for CDMA communications. The base station or system shown in Fig. 
4 also includes the PN code sequences for each of the terminals capable of communicating with the base 
station. 

The baseband processors 42 further couple to the public network 54, wherein the public network 
includes other base stations for communication with other tcrmmals. The public network also includes the 
public switched telephone network (PSThT) as well as other wired or wireless networks. Thus the coimection 
to the public network 54 enables the terminals 1 • P shown in Figure 4 to communicate with terminals in 
wireless communication with another base station, or with individuals or subscribers connected to a wired 
network, such as the PSTN. 

fhe multichannel transceiver ari'ay 40 comprises a plurality of antennas and a plurality of transceivers. 
The multichannel transceiver array 40 is ada])ted for receiving combinations of multichannel upiink S-CDMA 
signals from the terminals and transmitting multichannel downlink S-CDMA signals towards the tenninals. 
The multichannel transceiver atray 40 is adapted for receiving and transmitting in a tune division duplex 
manner, in other words, the multichannel transceiver array 40 is adapted for receiving the combinations of 
multichannel uplink S-CDMA signals tVoin the terminals during a first time frame and is adapted for 
transmitting the multichannel dt>wnlink S-CDMA signals towards the terminals during a second time frame. 

Therefore, as shown, the SA-CDMA system is for communicating message data to/from a plurality of 
terminals (Terminal #1 - UP). The multichannel transceiver airay 40 realises radio frequency (RF) to baseband 
conversion by means of a plurality of coherent transceivers as in the current art. Baseband processors 42 are 
coupled to the inultichannel transceiver anay 40 and perform ail baseband operations, such as .spatial 
parameter estimation, uplink and downlink beamforming and CDMA modulation and deinoduiaiion, etc. The 
baseband processors 42 are discussed in greater detail below. Tlie demodulated messages are routed to a 
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public network (*54), which also provides messages destined tor the terminals, as is currently done. 

F-ig. 5 shows one embodiment of the baseband processors hardware. In the preterred embodiment, the 
baseband processors 42 compose one or more digital signal processors (DSPs) 44,46.and 48 and associated 
one or more memories 62, 64 and 66. The memories 62. 64 and 66 store code and data executable by the one 
or more DSPs 44, 46 and 48 to perfomi baseband functions. In other words, the one or more DSPs 44, 46 and 
48 execute program code stored in memorv units 62,64,and 66 to realr^e all baseband functions. System 
operations arc preferably administrated by a dedicated micro-controller 68. Different tasks may be realized 
usmg dedicated DSPs or by task-sharing. In one embodiment, the baseband processors 42 compnse a sinele 
DSP and a single memor^^ In the preferred embodiment, the baseband processors 42 comprise a plurality of 
DSPs and a plurality of memones. it is noted that the baseband processing mav be implemented in various ulher 
manners, such as usin^ one or more general purpose CPUs, one or more programmed microcontrollers, discrete 
logic, or a combination thereof. 

Fig. 6 shows a block diagram of one embodiment of an S A-CDMA sy.stem. As shown, the multichannel 
transceiver airay 40 is coupled to provide outputs to a spatial processor 60 and a demodulator 50. The spatial 
processor 60 and demodulator 5n are alst) preferably coupled together. The multichannel transceiver array 40 
receives input from a modulator 52. The spatial processor 60 provides an output to the modulator 52. The 
demodulator 50 !)rovides an output to the public network 54. and the public network 54 m turn provides an 
output to the modulator 52. As noted above with respect to Fig. 5. in the preferred enibodimenl the tine or more 
DSPs 44,46, and 48 and asst)ciated one or more menujnes t)2.X)4'-anatj6 implement the vanous baseband 
functions. Thus in Fig. 6 the spatial processor 60. demodulator 50. and modulator 52 preferably comprise one 
or more programmed DSPs as described above. However, it is noted that one or more ol'the spatial proces.sor 
60, demodulator 50, and modulator 52 mav be implemented in other ways, such as programmed CPUs or 
microcontrollers, and/or discrete logic, among other was as is known in the an. 

Referring again to Fig. 6. durmg an uplink frame, the multichannel transceiver arrav 40 is .-^et to the 
receiving mode so that superimposed uplink signals can be downconveilcd to baseband. The resultinc 
combinations of multichannel uplink S-CDMA signals 70 are sent to the spatial processor oO and the 
demodulator 50. The functions of the spatial processor 60 include estimating the spatial signatures, determininiz 
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uplink power and timing oilsct of ihe terminals, and calculating the uplink and downlink bearnibrming 
matrices or vectors. In the present disclosure, the term -'matrices" is intended to include both matnces and 
vectors, and the terms vectors and matrices are used interchangeably. The spatial signature estimates comprise 
the transfer function or transfer characteristics of a respective terminal and the multichannel transceiver array 
40. 

The demodulator 50 and modulator 52 are coupled to the spatial processor to reali/e baseband 
beamforming and S-CDMA modulation and demodulation, in particular, the main function of the demodulator 
50 is to constructively combine signals from each teiminal and recover the uplink messages using uphnk 
beamformmg matrices and other information provided by the spatial processor. In one embodiment of die 
invention, spatial processing and modulation/demodulation is realized in a batch mode - measurements 70 from 
the multichannel transceiver array are not processed until ail data within an uplink frame is collected. In another 
embodiment, adaptive algonihms are used and information 74 are exchanged continuously between the 
demodulator 50 and the spatial processor 60. After demodulation, the demodulated uplink messages 80 are then 
rounted to the public network 54 depending on the applications. 

After the uplink frame, the multichannel transceivers are switched to the transmission mode. Messages 
S2 destined for the termmals are obtamed from the same public network 54. Downlink bcamfonning matrices 
78 calculated based on previous spatial signature estimates are provided by the spatial processor 60 to the 
modulator 52. The modulator 52 modulates all downlink messages S2 and generates mixed mullichannel 
downlink S-CI)MA signals 72 to be transmitted by the multichannel transceiver airay 40. In one embodimeni. 
modulation involves code modulation of each signal, followed by downlink beamfomiing and digital 
conibming. The resulting mixed digital signals are then applied for pulse shaping and dicital-to-analog 
conversion. In another embodiment, code modulation, beamforming and digital combining are realized in one 
step using a Kast lladamard transform, provided that Walsh orthogonal codes are utili/^ed. Yet in another 
embodiment, D/A conversion is performed for individual message signals intended for dirTerent tenninals and 
an analog combiner is used for mixing the resulting signals. 

I-'ig. 7 is a more detailed block diagram illu.sirating the functional blocks comprising the spatial processor 
60. The spatial processor 60 controls the uplink and downlink beiimforming operations. The spatial processor 
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60 receives inputs 76 which arc mcasuremcius from the airav of receivers. In the e\amplar>' embodiment, the 
spatial processor 60 also receives inputs comprising the Jespread multichannel symbol sequence 74 tbreacii 
terminal provided by despreaders in the demodulator i2. The spatial processor 60 includes a spatial signature 
estimator 90 which is dedicated to estimate spatial signatures. In one embodiment, the spatial signature of a 
respective terminal is calculated as the pnncipal eigenvector of the data covariance matrix of the multichannel 
symbol sequence associated with the terminal. In another embodiment, the symbol sequence with maximum 
energy is identified from the multichannel symbol sequence. 'and the multichannel symbol sequence is then 
normalized with respect to the identified symbol sequence. The average of the resuitmg normalized 
multichannel symbol sequence is calculated as tlie spatial signature estimate. 

In the preferred embodiment the spatial [processor 60 also includes a dedicated parameter estimator 92, 
which estimates signal parameters such as the u[)lmk power and timmg offset of the teiTninals. When necessaiv. 
the parameter estimator 92 also provide DOA estimates which can be used in geolocation and handoff Thus 
the parameter estimator 92 estimates signal parameters other than the spatial signatures. 

The spatial processor 60 includes an RX beamfonning controllei' 96 and a TX beamforming controller 94 
which are coupled to the spatial signature estimator 90. The RX beamforming controller 96 and TX 
beamforming controller 94 calculate the uplink and downlink beamforming matrices. The outputs of the RX 
and the TX beamfonning controllers 94 and 96 are then passed alone to the demodulator 50 and modulator 52 
for spatial beamforming. 

in one embodiment, timing otfsei is estimated from the receiver outputs using correlators well-known in 
the prior ait. This is appropriate in situations where the sampling rale is sufficiently higher than the chip rate. 
In a second embodiment, a subspace timing estimation algorithm is u.sed to provide high resolution estimates 
t)f the timing offsets. For more information on the subspace liming estimation algonthm. please .see H. Strom 
et al., "'Propagation delay estimation in a.synchronous dircct-settticnce code-division multiple access .sv stems". 
IEEE Trans, on Communications", vol. 44, no. 1. pp. 84-93. 1996), which is hereby mcuiporated hv reference 
as though- fully and completely set forth herein. 

Uplink power and DOA estimation can be performed based on estimation of the spatial signatures In one 
embodiment, the uplink power is calculated as the pnncipal eigenvalue of a data covariance matrix of the 
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multichannel symbol sequence associated with a respective terminal. In another embodiment, the uplink power 
is estimated as a quadratic mean of a beamfomied symbol sequence associated with a respective teiminal In 
one embodiment. DOAs are determined by peilbrming bcamlbnninc on individual spatial signatures. In 
another embodiment, high resolution DOA estimation algorithms are applied directly to the covanance matrix 
of the multichannel symbol sequence. In yet another embodiment, adaptive power and DOA estimation 
methods can be adapted to track the vanations of these parameters. The DOA estimates, when used in 
conjunction with the timing oHsct, provides distance and direction information to locate the terminals, and thus 
may be used to facilitate handoff among different cells. 

Thus the spatial processor 60 performs functions such as spatial signature estimation, constructing the 
uplink and downlink beamformmg matrices or vectors for all teiminals. and estimating signal parameters such 
as the uplink power and timuig offset of the tenninals. 

Fig. 8 illustrates an exampiarv embodiment of the modulator 50 in accordance with the present invention. 
The modulator 50 includes a pluralitv of spreaders 1 50 based on the number of terminals which are capable of 
communicating with the base unit. In the embodiment shown in F- igure «. signals 80 intended for the tenninals, 
e.g., to s^ik) for terminal 1 to P. respectively, are first spread by spreaders 150.152 using PN code 
sequences 1 40. 142 provided bv a PN code generator 102. A set of downlink beamformers 1 44, 1 46 arc coupled 
lo the spreaders to weight the resulting chip sequence 160.162 using downhnk beamforming matrices ( w\ to 
vi'p ). The final step of the SA-CDM A Modulator 50 is combining the beamformed sequences and generating 

multichannel downlink S-CDMA signals 168. This is accomplished in the present embodiment by digital 
combiners 158. 

An embodiment of an SA-CDMA demodulator 52 is depicted in Fig 9. The configuration of the 
demodulator 52 is reversed in structure to the modulator 50. Despreaders 98,100 are coupled to the 
multichannel transceiver amiy (configured to be receivers) to de.spread multichannel uplink S-CDMA signals 
82 for each temiinal using a PN code sequence provided by the FN Code generator 102. The outputs of the 
despreaders are multichannel svmbol sequences 122.124 for different terminals. For each terminal, an uplink 
neamfomier H.i4 or 106 is coupled to the despreader that provides a multichannel symbol sequence for this 
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tcrminai. The uplink beamt'ormer obtains enhanced signals 126, 128 by combining the corresponding 
multichannel symbol sequence using its associated uplink beamforming matrix (wj to ). The beamtbrming 

outputs 126,128 are passed along to detectors 108. 110 where message data (s^{k) Sp(k) )t'vom the temiinuis 

are delected as in the current an. 

The modulation and demodulation schemes described above assume ideal multichaancl transceivers with 
no hardware imbalance. In practice however, hardware imperfection is mevilable. To cope with this, svstem 
calibration is generally required. Throughout the discussion herein, it is assumed that compensation of receiver 
circuits are peifomied before estimation o(" spatial signatures, whereas compensation of transmitter circuits are 
performed before the transmission of multichannel downlink S-CDMA signals. 



OPERATION OFTHR rNVFNTION 

Having described the block structure of the present SA-CDMA sy.stem, the following descnbes the 
operations of the present invention in more detail. 

In current practice of TDD communications, uplink signals from remote terminals arc received bv the 
base station during an uplink frame. The base station demodulates the message signals and either e.\chanees 
and .sends them back to the terminals or relays them to a network, depending on the application, linmediatelv 
after the uplink frame is a downlink tVame in whicii the ba.se station sends modulated messages u) tiic tenninals. 
The present invention adopt.s the same duplexing iormat as described above. 

Fig. 10 diagrams an exemplan' operational How of the disclosed TDD smart antenna CDMA system. 
Starting from reception of an uplink frame, outputs from the multichannel transceiver arrav 40 arc first 
compen.sated with receiver circuit calibration matrices or vectors before other operations. Once tlie receiver 
htirdwarc imbalance is accounted for. combinations of uplink S-CDMA signals are desprcad to produce 
multichannel symbol sequences for different teiminals. As noted above, the combinations of uplmk S-COMA 
signals are desprcad for each of the teiTtiinals using the PN code sequence for each of llic terminals. 
After despreading. the resulting signals are applied for spatial signature estimation. Spatial signature estimation 
IS performed to determine the transfer function or iransrer charactenstics of the transmission path between each 
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terminal and the base siaiion. During the uplink frame, the downlink beamtbrming mairiccs are constructed so 
that they can be used in the following downlink frame. The downlink beamfonning matnces for each termmal 
are preferably constructed based on the spatial signature estimates for each respective termmal. In the preferred 
embodiment, the remaining RX operations such as uplink bcamforming, demodulation, and parameter 
estimation, do not have to be completed within the uplink frame. 

Upon completion of uplink, message data destined for remote terminals are first modulated as in 
conventional S-CDMA. systems. Downlink beamformmg is peiformed using the downlink beamiorminu 
matrices calculated. To complete the baseband TX processing, all beami'ormed signals are combined, ana 
transmitter hardware imbalances are compensated. The resulting signals are then applied to the multichannel 
transmitters for transmission to the lermmals. The above procedure repeats itselJ'in a TDD manner. 

For detailed operations, consider a base station system with M antennas connected to M coherent 
transceivers. Dunng the uplink frame, the base station transceivers are set at the reception mode and the 
superimposed signals from P terminals arc clow neon verted and sampled bv an array of receivers. For 
illu.su-aiion purpo.se. it is assumed that K symbols are tran.smitted from remote teiTninals. Each svmbol is spread 
into L chips based on the pre-a.ssigned PN code sequence. Denote y^„ik, n) the nth sample during the kth 
..symbt)l period from the mth receiver, then 

/ - 1 

where .v.(A') is the kth symbol tVom the iih terminah p-ik, n) ^ - i are the spreading PN code for the 
kth symbol, tv, is the comple.s response of the mth antenna to signals from the ith terminal, and c^^^{k, n) 
repeats the overall interference. 

.■i, from all antennas, i.e., a, ^ ... . constitutes a spatial signature which represents the spatial 

characteristics of the ith terminal and the ba.se antenna airav. In applications where the propagation channels 
'iic trcqitencv -selective with long dehiv muliipath, the spatial signature becomes a matrix m.stead of ;i vector to 
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describe the memory effects of the channel. For more information, please refer to H. Liu and M. Zoliovvski 
"Blind Equalization in Antenna Array CDMA Systems", IEEE Trans, on Signal Processmg. January*, 1 997; D. 
Johnson and D. Dudgen, "Array Signal Processing. Concepts and Techniques". Prentice Hall. 1993. For 
simplicity, the discussion is limited to frequency non-selective channels and all SA-CDM A operations are 
discussed based on vector spatial signatures. 

The objective of demodulation is recover the infonnative bearing message data. i.e.. .v. (A) from each 
terminal utilizing its associated PN code sequence and spatial signature. To achieve this, one needs to estimate 
the spatial .signattire of the terminals and accordingly calculate the uplink and downlink beamfomimg matrices 
(vectors in this case) for spatial beamforming. 

Fig. 1 i diagrams one embodiment of the estimation procedure. For each terminal, desnreadmc is first 

performed on = t v/. .If.v.(A-) is the signal of interest (SOI), the desprcadmg can he 

mathematically described as, 
/. 

-^L(^)= y,y„Xk.r})p.(Ku\m = I M. 

n - i 

Stacking y„,\k) from idl antennas in a vecioribrm yields 



x'(k) = 



where T denotes transposition. 

Following despreadinp. the signal power of each symbol .sequence is calculated as ^^j-^/f ^'^|". " i U 

The spatial .signature estimate can be obtained by element averaging the following normalized mullichaiuiei 
symbol sequence. 
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where m is ihe index of the symbol sequence with maximum signal power. 

Ailcmatively, in another embodiment illu.stratcd in Fig. 12, a data covariance matrix is formed given the 
multichannel symbol sequence of termmal i. 

k = I 

The spatial signature oftheiih user. ... f/,^^./]^ . is readily detennined as the pnncipal eiccnvecior 

of the above covariance matrix. Well-known mathematical techniques such as eigen-decompositions CE VDs) 
and smgular-valuc decompositions (SVDs) can be used. The capabi!it>* of accurately identifying the spatial 
signatures of the terminals without involving computationally demanding operations is unique to this 
invention. 

Once the spatial signature estimates are available, the RX beamforming controller 96 begins the 
construction of uplink beamfoiming matrices {)r vectors, . 

- [vv;, n ... v.r(A/)j^' " ' ^ 

The resulting matrices or vectors are used to combine ail symbol sequences m the multichannel symbol 
sequence lo fonn a beamibrmed symbol sec|uence for each terminal as follows. 

S{ 
nt ■ \ 

Please reier to D. Johnson and D. Dudgen, ' Airay Signal Processing, Concepts and Techniques", Prentice 
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Hall. 1993, for more delaiLs on the uplink beamt'onming defined above. 

Because of de.spreading and upiink heamformmg. the siiinal-to-interlerencc ratio (SIR) of i is 
significanily increased. Consequently, the capacity and quality of wircie^^s communicanons is proportionuliy 
increased. The enhanced signal can then sent to signal detectors (108,1 10) for detection as is well known is 
prior art. 

[n one embodiment, for at Ica.st of subset of the lermmais. the uplmk beamformmg vector is identical to 
the spatial signature estimate of the terminal, in another embodiment, noise characteristics as well as other 
spatial parameters are accounted for so that the maximum signal-to-inteiference-and-noise ratio (SFMR) uplink 
beamformmg vector can be constmcted to yield belter results. In yet another embodiment, the upiink 
beamforming vectors are designed to mmimize the bu-crror-rate (BER) for the lermmais. A vunm of 
tecliniques can lie utilized lo realize the above functions. 

Similarly, the transmission beamforming vectors are constructed by the TX beamformmg controller 94 
ba.sed on the spaliul signature estimates. Again in one embodiment, for at least a subset of termmahs. the 
downlink beamfonning vectors are identical to its coircsponding spatial signature estimate. Other more 
sophisticated algorithms u.smg different criteria, e.g., maximum S\m and minimum BER. can be employed to 
design the downlink beamt'onnmg vectors for better performance. 

Following reception, the multichannel transceivers are configured to be in the triinsmi.ssion mode. 
Svmbols sequences desinaied to the remote icrmnuils are code modulated as is done m cuirent .S-CDMA 
systems, and then beamfonned and combined before applied to the transmitters, in the preferred embodiment, 
the above functions are reah/ed digitallv. The mth signal sequence to be transmitted from the mth transmitter 
of can be mathematically represented as 



i = ! 



each symbol, .v/A-) (denoted using the same notation as in the uplink for simplicity), is spread u.sing a 
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predetermined PN code sequence, p,(k, //» . >v'tm) is the mth downlink beamtbrmmg coefficicni for the idi 
tei-minal. Please refer to D. Johnson and D. Dudgen. -'Array Signal Processing, Concepts and Techniques ' 
Prentice Hall, 1 993, for more details on the downlink beamfonning defined above. Note that alihougli the same 
PN codes in uplink are used in the above expression, this is not a restriction of the current in\'emion. 
By feeding yjk,n). m - i. A/ to the arrav of transmitters, each message is delivered throuch a 

different spatial channel determuicd by the downlink beamfoi-mmg vector, J - j^^/^ ^ ^ ^v'\^.^}^ Hach 

message is also represented by a distinctive code sequence to distinguish it from the others. This way. code and 
spatially .selective transmission is accomplished. The capability of maximizes the perfomiance with simple and 
robust operations is unique to this invention. 

The above procedure is a batch-mode embodiment of the SA-CDMA scheme in accordance with the 
invention. In another embodiment, the si)atial signature estimation, beamforming vectors construcuon, as well 
as the uplink and downlink beamforming, can be implementation using adaptive algonthms. such as adaptive 
subspace tracking and recursive beamforming, etc., all well-known in prior art. fn even more sophisticated 
embodiment. t!ie efficacy of spatial beamfonning can be fed back to the base station from the terminals to 
further performance enhancement. 

The above discussion concerns the two ba.sic operation.^;, namelv. modulation and demodulation, in an 
SA-CDMA .system. In addition to providing heamfomnng vectors for the basic transmission and reception 
operations, the .Si)atial Prticcssor (60) also provides necessan' signal parameters to mainiam the reliable 
wireless link. In particular, the Parameter Estimator (92) determines the uplink power and timing ottsei 
a.s.sociaied with each terminal. The power e.stimauon can be u.sed for closed-loop power control whereas the 
timing offset estimation is required for synchronization. 

hi one embodiment, the timing offset is estimated by correlating received signals a icrminars PN code 
.sequence at different deiavs and then locating the peak of the correlator outputs - a technique well-known in 
the prior an. The timing offset is then fed back to this terminal in the t'ollowiiig tran.smi.ssioii frames for 
.synchronization. 
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Compared to timing adjusimenl, power conirol nct-ds lo be done more frequently since channel variations 
may be rapid in a mobile environment. In one embodiment. tl\e quadratic mean of the multichannel svmbol 

sequence. x\k) , can be used as the power estimate for the tenninal. In another embodiment- the principal 
eigenvalue of the covariance matrix R^, provides more accurate estimate of the transmission power. In another 

embodiment, the uplink power is estimated as the quadratic mean of the beamfonmed symbol sequence .y^ . In 

yet another embodiment, more accurate power estimation can be accomplished by taking into account of the 
noise contribution of the power of the beamfonner outputs. 

The covariance matrix R , and/or the spatial signature associated with the ith terminal contains all its 

spatial inibnnation can thus can provide detailed spatial parameters such as the DOAs, number of mullipath 
rejections, etc. Many techniques well-known in the an can be utilized. Contrasting to the conventional 
approaches which utilize the covanance matrix of the receiver outputs, is the fact that estimation of spatial 
parameters of each terminal is accomplished in two steps. The first step isolates the spatial information tor each 
terminal into the covanance matrix or spatial signature estimates, whereas the second step provides details 
mibrmation based on these estimates. This way, the total number of DOAs to be estimated in one step is 
significantly reduced to that a.ssociated with one terminal, leading lo more accurate estimates, and the 
troublesome associate problem is also avoided. 

The DOA csumaies can be used in coniuncUon with timmg ot'fset estimation to provuic precise lucatioii 
infoiTnaiion of the terminals. The capability to provide both direction and distance infonnation oj the lenninals 
is unique to the present invention. Such inlbmiation can he used to facilitate hand-off and other services which 
require location inl'ormalion. The fact that DO.A. estimates can be obtained straighfoi^vardly usmg spatial 
signature estimates also enable the cuttciu invention to be applied to cunent and fuuire FDD S-CDMA sv stems 
with minimum modifications. 

While the above description contains certain specifications, these should not be construed as limitations 
on the scope of the invention, but rather us an excmjilificalion of one preferred embodiment and application 
thereof. It will be apparent to tho.se skilled m the an that vurious modifications can be made to the smaii arrav 
S-CDMA communications svsiem and method of the instant invenuon without depanmg from the scope or 
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spirit of the invention, and it is intended that the present invention cover modifications and vanaiions of the 
antenna array communications svstem and method provided ihev come in the scope of the appended claims and 
iheir equivalents. 



wo 98/27669 
WHAT IS CLAIMED 

1. A Time Division Duplex (TDD) antenna array Synchronous Code Division Multiple Access (S-CDMA) 
communications system tor communicalinc message data to/trom a plurality ot" terminals, coinpnsmg: 

a multichannel transceiver array comprising a plurality of antennas and a piuralit>- ot' transceivers, 
wherein said multichannel transceiver array is adapted for receiving combinations of multichannel uplink S- 
CDMA signals from said terminals and transmuting multichannel downlink S-CDMA signals towards said 
terminals, wherein said muitichannei transceiver array is adapted for receiving said combinations of 
multichannel uplink S-CDMA signals from said tenninais and transmitting muitichannei downlink S-CDMA 
signals towards said terminals dunng different time frames m a lime division duplex manner. 

a spatial processor coupled to said multichannel transceiver array for determining spatial signature 
estimates associated with said terminals from said combinations of multichannel uplink S-CDMA signals, 
wherein said spatial processor is also operable to calculate uplink and downlink beamfoiTning matrices based 
on the spatial signature estimates: 

a demodulator coupled to said spatial processor and said multichannel transceiver anav \o\- 
determining estimates of uplink messages from said terminals from said combinauons oi" muitichannei uplink 
S-CDMA signals: and 

a modulator coupled to .said nuihichannel transceiver array for generating said multichannel 
downlink S-CDMA signals to transmit messages destined for said tenninais. 

2. The TDD antenna an ay CDMA communications system as defined by claim 1. wherein each of said 
terminals includes a unique PN code sequence, the system further composing : 
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a despreader coupled to said demodulator and said spatial processor, wherein, for each of said 
plurality of terminals, said despreader uses said respective lemiinars PN code sequence to despread said 
combination of multichaimel uplink S-CDMA signals to obtain a multichannel symbol .sequence, wherein 
said multichannel symbol .sequence compnsei; a plurality of symbol sequences; 

wherem said spatial processor produces said .spatial signature estimate in respon.se to said 
multichannel symbol sequence. 

3. The TDD antenna anay CDMA communications system as defined by claim 2; 

wherein said spatial processor identifies a symbol sequence from said multichannel svmbol 
sequence with the maximum signal power and further operates to normalize said multichannel svmbol 
sequence with respecho said identified symbol sequence with the maximum signal power lo obtain a 
normalised mullichannel sv'mbol sequence: and 

wherein said spatial processor operates to calculate the average of .said normalized nniltichanne] 
symbol sequence to produce said spatial signature estimate. 

4. The TDD antenna array S-CDMA communications system as defined bv claim 2: 

wherein said spatial processor forms a data con variance matnx of said multichanne! s>'mboi 
secjuence: 

wherem said spatial processor calculates the principal eigenvector of said data covariance matrix as 
said spatial signature estimate. 

5. The TDD antenna amiy S-CDMA communications .system as defined by claim I, 

wherein .said .spatial processor is operable to determine individual multipath parameters inciudinti 
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direction of amval CDOA ) esLimaies associated with each of said terminals: 



whercMn said DOA estimates are used in locatmg said tenninals and in assisting handotT. 



6. The TDD antenna airay S-CDMA communications s>'stcm as defined bv claim 5. wherein said spatial 



processor delcrmmes DOA estimates based on a respective termmal's spatial signature estimate. 



7. The TDD antenna array S-CDMA communications system as defined by claim 5. wherein said spatial 



processor determines DOA estmiates based on a data covariance matrix of a multichannel symbol s 



sequence 



associated with a respective terminal. 

8. The TDD antenna airay S-CDMA cumnmnications s-vstem as defined by claim 1. 

wherem said spatial processor detcrmmes an uphnk power estimate associated wuh each of said 
icrminals: 

wherein said uplink power estimate is used for power conirol: 

wherein said spatial processor dctemiines said uplmk power as the principal eigenvalue of ;i data 
covariance matrix of a multichannel symb(^l sequence associated with a respective terminal. 

9, The I DD antenna airay S-CDMA communications system as defined bv claim 1. 

wherein said spatial processor determines an uplink power estimate associated with each of said 
tenninals: 

wherein said uplink power estimate is u.sed for power control: 

wherein said spatial processor determines said uplink power as a quadratic mean oi'a heamformed 
symbol sequence associated with a respective terminal. 



10. The TDD anteima array S-CDMA communications system as defined by claim 1. wherem said 
spatial processor deiennines iiniin^ offset estimates associated with each of said terminals, wherein said 
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liming ul'tet estimates are used tbr synchronization of said terminals. 



1 ] . The TDD antenna array S-CDMA communications svstem as detmed bv claim 1 . wherein said 
spatial processor further includes; 

means for determining individual multipath parameters including direction of amvai (DOA) 
esiimates associated with each of said terminals, wherein said DOA estimates are used m assisting handoff; 

means for determining imimg offset estnnates associated with each of said tcnninals. wherein said 
liming offset estimates are used for synchronization: and 

means for determinmg ihe geolocation of a respective tenninal by combining said DOA estimates 
and distance mfonnaiion provided by said timing offset estimates. 

I 2. The TDD antenna array S-CDMA communications system as defined by claim L wherein each of said 
terminals includes a unique PN code sequence, the system funher compnsing: 

a despreader coupled to the demodulator and the spatial processor, wherein, for eacii of said 
leiminals. said despreader operates to despread said multichannel uplink S-CDMA signals lo obtain an 
associated spatial signature estimate, wherein, for each respective terminal of said plurality of terminals, said 
despreader u.scs said respective temiinal 's PN code sequence despread said combination of multichannel 
Lipiink S-CDMA signals lo obtain a mullichanne! svmbol sequence, wherein said multichannel svnibol ■ 
sequence comprises a piuralitv of symbol sequences for each of the transceivers compnscu in the 
multichannel transceiver array. 

wherein the demodulator is coupled to the despreader and receives said multichannel symbol 
sequence output from said despreader. wherein said demodulator includes: 

an uplink beamfoimer for obtaining enhanced signals iov a respective terminal bv 
combining said multichannel svmbol .sequence using said respective temiinaPs uplink beamfoiming matrix, 
and 

a detector for determining message data Iransmiitcd by said respective terminal from said 

enhanced siunals: 
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whereby code and spatial diversities are both used to suppress interterenec and noise in sienal 



reception. 



1 3. The TDD antenna array S-CDMA communications system as defined by claim I, wherein said modulator 
includes: 

a PN code generator for providing PN codes lor each of said terminals; 

a spreader coupled to said PN code generator for generating S-CDMA signals for each of said 
terminals, wherein said spreader uses a respeciive PN code for each of said terminals in generating said S- 
CDMA signals for each of said terminals; 

a downlink beamformer for producing beamformed S-CDMA signals for each of said terminals, 
wherein said downlink beamformer uses said transmit bcamformmg matnces associated with each of said 
terminals in producing said beanifomied S-CDMA signals for each of said terminals; and 

a combiner for combining said beamfonned S-CDMA signals to produce said multichannel 
downlink S-CDMA signals; 

whereby code and spatial diversities are both used to suppress interlerence and noise in signal 



14. The TDD antenna array S-CDMA conimunicaiions svsiem as defined bv claun I. wherein, ior at least a 
subset of said terminals, the uplink bcamformmg matrix for a respective temiinal is identical to the spatial 
signature estimate for said respective leiTninal. 

15. The TDD antenna array S-CDMA communications system as defined bv claim L wherein, for at least a 
subset of said tenninais. the uplink beamlbrming matrix fur a respective tciTninal is constmclcd based on the 
spatial signature estimates of each of said icnnmals to maximi/e the signal-to-interl'erence-and-noise ratit> 
(SINRl for said respective teiminal. 



transmission. 
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16. The TDD antenna airay S-CDMA communicaiions system as dtiimeU by claim I . wlierein, tor at least a 
subset of said terminais. the uplink beamt'onning matrix for a respective terminal is constructed bailed on the 
spatial signature estimates of each of said termmais to minimize the bii-error-rate (BER) for said respective 
lermtnal. 

17. The TDD antenna airay S-CDMA communications system as defined by claim L wherein, for ai least a 
subset of said terminals, the downlink beamfonning matrix for a respective lemiinal is identical to the spatial 
signature estimate for said respective terminal. 

18. 'fhe TDD antenna array S-CDMA communications svstem as defined by claim L wherein, for at least a 
subset of satd termmais. the downlink beamforming matrix for a respective tciTninai is consti-uctcd based on 
the spatial signature estimates of each of said terminals to maximize the signal-to-intert'erence-and-ntxse ratio 
(SINR) for said respective terminal. 

19. The TDD antenna array S-CDMA communications system as defined by claim I, wherein, for at least a 
subset of said terminals. Ihe downlink hcamlbnning matrix for a respective terminal is constructed bused on 
the spatial signature estmiates of each of said tenninals to minimize the bit-crror-rate i BER) for said 
respective teiminal. 

20. '['he TDD antenna array S-CDMA communications system as defined by claim 1. wherein each of said 
transceivers in said multichannel transceiver array comprises transmitter circuits and receiver circuits: 

the system funher comprising: 

means for calibrating said multichannel transceiver an'ay to coiTcct for imbalance of said 
multichannel transceivers: 

wherein said means t*or calibrating said receiver circuits ojierates bei't)re estimation of said spatial 
signatures: 

wherein said means for calibrating said transmitter circuits operates before.the transmi.ssioii of said 
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21. The TDD antenna array S-CDMA communicaiioni; system as defined by claim 1. wherein said spatial 
processor, said demodulator and said modulator arc implemented by one or more digital processors. 

22. A method for communicating message data to/from a pluraiily of teiminals, comprising; 

receiving comhinations of multichannel uplink S-CDMA signals from said termmals and 
determining spatial signature estimates associated with the temiinals from said combinations of 

multichannel uplink S-CDMA signals: 

calculating uplink and downlink beumfomung matrices based on tiie spatial signature estimates: 
demodulating uplink messages from said termmals from said combinations ot" multichannel uplink 

S-CDMA signals, wherein said determining estimates of said uplink messages uses said uplink beamformintz 

matrices; 

modulating multichannel downlink S-CDMA signals to transmit me.s.sages destined for said 
lerminals: 

transmitting said multichannel downlink S-CDMA signals towards said teiminals: 
wherein said receiving is adapted for receiving combinationsof multichannel uplink S-CDMA signals 
irom said termmals during a first time tVame. and wlicreiii said iransmttting is adapted for transmitting 
multichannel downlink S-CDMA signals towards said termmals during a second time frame in a time division 
tluplex manner. 

23. The method of claim 22. wlierein each of siud lerminals includes a unique PN code sequence, the method 
further cttmprising: 

dcspreading. tor each of said plurality of termmals, said combination of niultichatmel uplink S- 
CDMA signals with said respective tenninaFs PN code sequence to obtain a multichannel symbol sequence, 
wherein .said multichannel symbol sequence comprises a plurality of s^^mbol .sequences: 

wherein said detennining spatial signature estimates comprises: 



2S 



wo 98/27669 PCT/US97/22878 

identiiying a sequence from said multichannel symbol sequence, with the maximum signal 

power; 

normalizing said multichannel symbol sequence with respect to said identified symbol 
sequence with the maximum signal power to obtain a normalized multichannel symbol sequence, and 

calculating the average of said nomialized multichannel symbol sequence to produce said 
spatial signature estimate. 

24. The method of claim 22. wherein each of said terminals includes a unique PN code sequence, the method 
further comprising: 

despreading. for each of said plurality of terminals, said combination of multichannel uplink S- 
CDMA signals with said respecuvc icrmmal's PN code sequence to obtain a multichannel svmboi sequence, 
wherein said multichannel symbol sequence comprises a plurality of svmboi sccjuences: 
wherein said'determinmg spatial signature estimates comprises: 

forming a data convariance matrix of said multichannel symbol sequence. 

calculating the principal eigenvector of said data covariance matnx as said spatial signature 

estimate. 

25. The method of claim 22. wherein said detcmiining spatial signature estimates further includes: 

determining individual multipalh paramelers mcluding direction of arrival (DOA) estimates 
associated with each of said terminats: 

wherein said DOA estimates are used in locating said terminals and in assisting handoff. 

26. The method of claim 25, wherein said determining individual multipalh parameters detei-mmes DOA 
estimates based on a respective terminal 's spatial signature estimate. 

27. The method of claim 25, wherein said determining individual multipath paramelers determines DOA 
estimates based on a data covariance matnx of a multichannel symbol sequence associated with a respective 
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iermmai. 

28. The method of claim 22, wherein said detem:iining spatial signature estimates fuiihcr includes: 
determining an uplink power estimate associated with each of said tenninais; 

wherein said uplink power estimate is used for power control; 

wherein said dcteimining said uplink power estimate determines said transmission power as the 
principal eigenvalue ot'a data covariance matrix of a multichannel symbol sequence associated with a 
respective terminal. 

29. The method of claim 22. wherein said dciemiming spatial signature esiimatcs funhcr includes, 
deieniiining an upimk power estimate associated with each of said terminals: 

wherein said uplink power estimate is used for power control: 

wherein said determining said uplink power estimate determines said uplink power as a quadratic 
mean of a multichannel symbol sequence associated with a respective teimmal. 

30. The method of claim 22. wherein said detemuning spatial signature estimates further includes; 
obtaining timing oft'sel estimates associated witii each tif said tennmals. wherein said timing oft'sei 

est I males are u.sed for svnchronizalion. 

3 1 . The method of claim 22. wherein said deiermining spatial signature estimates further includes: 
■ detcnnining individual multipath parameters including direction of arrival (DOA) estimates 

associated with each of said terminals, wherein said DOA estimates are used in handoff: 

obtaining timing offset estimates associated with each of said lenninals, wherein said timing offset 

estimates are used tor synchronization 

detei-mtning the geolocation of a respective terminal bv combining said DOA estimates imd distance 

information provided by said timing offset estimates. 
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n. The method of claim 22. wherein each of said terminals includes a unique PN code sequence, ihe method 
further comprising: 

despreading, for each of said plurality of terminals, said combination of multichannel uplink S- 
CDMA signals with said respective terminal's PN code sequence to obtain a multichannel svmbol sequence, 
wherein said multichannel symbol sequence compnscs a plurality of symbol sequences; 

performing uphnk beamfomiing to obtain enhanced signals for a respective ternmiai. wherem said 
performmg uplink beamfomimg operates bv combining said multichannel symbol sequence using said 
respective termmars receive beamforming matrix, and 

detennming message data transmitted bv said respective terminal Irom said enhanced .signals; 

wherein code and spatial diversities are both u.sed to suppress interference and noise m signal 
reception. 

33. The method of claim 22, wherein said modulating includes: 
generating PN codes for each of said termmais; 

spreading me.ssage signals for each of said lenninals, wherem said generating uses a respective PN 
code for each of said tcrmtnaLs in generating S-CDMA signals for each of said termmais: 

pcrfomiing downlink beamfonning to produce tieamfomied S-CDMA signals for each of said 
lerminais. wherem said pertbrming downlink beamtonnmg uses said downlink beamfonning matrices 
associated with each of said terminals m producing said beamfomied S-CDMA signals for each of said 
tenninals; and 

combining said beamformed S-CDMA signals to produce said multichannel downlink S-CDMA 

signals: 

wherein code and spatial diversities are both used to suppress inied'erence mid noise m signal 
transmission. 

34. The method of claim 22. wherein, for at least a .subset of said laTnmals. the uplink beamfonning matrix 
for a respective terminal is identical to the .spatial signature estimate for said respective tenninal. 
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35. The method of claim 22. funhcr comprising: 

for ai least a subset of said lei-mmals, constructing the uplink bcamfomung matrix for a respective 
terminal based on the spatial signature estimates of each of said terminals to maximize the signal-io- 
interterence-and-noise ratio (SINR) for said respective terminal. 



36. The method of claim 22, further comprising: 

for at least a subset of said terminals, consiiiicting the uplink beamforming matrix for a respective 
terminal based on the spatial signature estimates of each of said terminals to minimize the bit-error-rate (RER) 
fo r sa I d respec ii v e term i n a 1 . 

37. The method of claim 22. wherein, for at least a subset of said terminals, the downlink beamforming main.x 
for a respective terminal is identical to the spatial signature estimate for said respective terminal. 

38. The method of claim 22. further comprising: 

for at least a subset of said terminals, constructmg the downlink beamfomiing matrix for a respective 
terminal ba.sed on the .spatial signature estimates of each of said lenninals to maximr/e the signal-to- 
intert"erence-and-noi.se ratio (SI MR) for said respective terminai. 

39. The method of claim 22. funhcr comprising: 

for at least a subset of said terminals, constmeting the downlink beamfonning matrix for a respective 
terminal based on the spatial signature estimates of each of said terminals to minimixe the bit-eirur-ratc fBCR) 
for said respective terminal. 



40. The mediod of claim 22. wherein the method operates in a Time Divi.sion Duplex fTOni antenna arra' 
Svnchronous Code Division Multiple Access < .S-CDMAl communications .system for communicatmg 
message data to/from a plurality of terminals, wherein the svsicm comprises a multichannel transceiver urr 
wherein each of said transceivers m .said mullichannel transceiver airav comprises transmitter circuits and 
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receiver circuits: 

the method further comprising: 

calibrating said multichannel transceiver airav to con-ect for imbalance of said multichannel 
transceivers: 

wherein said calibratmg said receiver circuits t)pcra[es before said determining spatial signature 
estimates; 

wherein said calibrating said transmitter circuits operates before said transtnitting said multichannel 
downlink S-CDMA signals. 

41. A TDD antenna array S-CDMA communications method for communicating message data between a 
base station and a plurality of tcnninals. comprising 

receivmg, using multichannel receivers, combinations of uplink S-CDMA signals during a uplink 
frame at said base station: 

desprcading, using terminals' PN code sequences, to obtain despread multichannel rcsuhs for each of 
said teiminais, 

estimating the spatial signature a.ssociated with each of said terminals from .said despread 
multichannel results, 

generating receive and transmit beamfonning vectors or matrices based on said terminals" spatial 
signature esu males: 

uplink beamfomiing said despread multichannel results using said recei\ e beamfonning vectors or 

mainces to obtain enhanced signals for each of said terminals: 

demodulating said enhanced signals to recover message data from each of .said tenninals: 

modulating message data to obtain S-CDMA signals for each of said terminals: 

downlink beamfonning said S-CDMA signals using said transmit beamfonning matrices to obtain 

beamfonned S-CDMA signals for each of said terminals: 

combining all of said bcamfomied S-C1.:)MA signals to obtain downlink multichannel S-CDMA 

^lcnais. 
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transmitting, in a downlink frame I'ollowing said uplink frame said combinations of downlink S- 
CDMA signals from the multichannel transmitters. 

42. A Time Division Duplex (TDD) antenna arrav Synchronous Code Division Multiple Acce.ss (S-CDMA) 
communications system for communicating message data to/from a plurality of terminals, comprising: 

a multichannel transceiver array comprising a plurality of antennas and a piurality of transceivers, 
wlierein said multichannel transceiver array is adapted for receiving combinations of multichannel uplmk S- 
CDMA signals from said terminals and transmitting multichannel downlink S-CDMA signals towards said 
terminals, wherein said multichannel transceiver airay is adapted for receiving said ctimbmations oi' 
multichannel uplink S-CDMA signals from said terminals during a first time frame and is adapted for 
uansmiltmg multichannel downlink S-CDMA signals towards said tenninals during a second time frame m a 
lime division duplex manner; 

one or more memories for storing code and data; 

one or more digital signal processors coupled to said one or more memories, wherein said one or 
more digital signal processors are operable to execute code from said one or more memories: 

wherein said one or more digital signal processors are operable io determine spatial signature 
estimates associated with the temiinals from said ct)nibinations of multichannel uplink S-CDMA signals, 
wherein said one or more digital signal processors are also operable to calculate uplink and downlink 
beamformmg matrices based on the spatial signature estimates: 

wherein said one or more digital signal processors are operable to ueiemiine estimates of uplink 
messages from said tenninals from said combinations of multichannel uplink S-CDMA signals, and 

wherein said one or more digital signal processors are operable to generate said multichannel 
downlink S-CDMA signals to transmit messages destined tor said terminals. 

43. The TDD antenna airay S-CDMA communications system as defined by claim 42. wherein each of said 
tenninals includes a unu[ue PN ciide sequence-. 

wherein, tor each of said nluraliiy of terminals, said one or more digital signal processors are 

.34 




wo 98/27669 PCT/US97/22878 

operable to use said respective lemiinal's i^N code sequence to despread said combination of multichannel 
uplink S-CDMA signals to obtain a muitichannci svmbol sequence, wherein said muiliehannei symbol 
sequence comprises a plurality of s\'mboi sequences: 

wherein said one or more digital signal processors are operable to determmc said spatial signature 
estimate in reponse lo said multichannel symbol sequence. 

44. The TDD antenna auav S-CDMA communications system as defined bv claim 43. 

wherein said one or more digital signal processors are operable to identify a symbol sequence from 
satd multichannel symbol sequence with the maximum signal power and further operable to normalize said 
multichannei s\'mbol sequence with respect to said identified symbol sequence with the maxmium signal 
power U) obtain a noninatized multichannei svmbol secjuence: and 

wherein said one or more digital signal processors are operable to calculate the average of said 
normalized multichannel symbol sequence to produce said spatial signature estimate. 

4.5. Tlie TDD antenna arrav S-CDMA communications system as defined bv claim 43. 

wherein said said one or more digital signal processors are operable to form a data convananee 
inatnx of said multichannei symbol sequence; 

wherein said spatial processt)r calculates the principal eigenvector of said data ct)\'anance matrix iis 
said spatial signature estimate. 

46. A Time Division Duplex (TDD) antenna array Synchronous Code Division Multiple Access t S-CDMA) 
communications system for communicating messatie data to/from a pluraliiv of teniiinals. comprising; 

a multichannel transceiver amiy comprising a plurality of antennas and a plurality of transceivers, 
wherein said multichannel transceiver array is adapted for receiving combinations of mtillichanncl uplink S- 
CDMA signals from said terminals and transmitting multichannel downlink S-CDMA signals towards said 
terminals, wherein said multichannel transceiver array is adapted for receiving said combinations of 
multichannel uplink S-CDMA signals from said terminals during a first time frame and is adapted for 
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transmuting mullichannel downlink S-CDMA signals towards said teiTninals during a second time I'rame in a 
lime division duplex manner. 

spatial signature estimation means coupled to said multichannel transceiver arrav for dctermmmc 
spatial signature estimates associated with said termmais from said combinations of muhichannei uplink S- 
CDMA signals, wherem said spatial signature estimation means is also operable to calculate uplink and 
downlink beamformmc matrices based on the spatial signature estimates: 

demodulator means coupled to said spatial signature estimation means and said multichannel 
transceiver array for delemiining estimates of uplink messages from said terminals from said combinations ol' 
multichannel uplink S-CDMA signals, and 

modulator means coupled to said multichannel transceiver array for generating said multichannei 
downlink S-CDMA signals to transmit mes.sages destined for said tcnninals. 

47. The TDD antenna array S-CDMA communications system as defined by claim 46. wtierein each of said 
terminals includes a unique PN code .sequence, the .system further comprising: 

despreader means coupled to said demodulator means and said spatial signature estimation means, 
wherein, for each ot said plurality of terminals, said despreader means uses said respective temiinal's TN code 
sequence to despread said combination of multichannel uplink S-CDMA signals to obtain a nuilttchannel 
sviTihol secjuence. wherein said multichannei svmbol sequence comprises a pltiralitv t)f sx mbol sequences. 

wherein said spatial signature estimation means operates it) determine said spatial signature estimate 
in response to said multichannel symbol secjuence. 

48. The TDD antenna array S-CDMA communications .system as defined by claim 47, 

wherein said spatial signature estimation means identifies a symbol sequence from suid multichannel 
symbol sequence with the maximum signal power and further operates to nomialize said multichannel s\ nibol 
sequence with respect to said identified symbol sequence with the maximiim signal power to obtain a 
noi*mali/ed mukicharmel .symbol sequence: and 

wherein said spatial signature estimation means operates lo calculate the average of said normalized 
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mullichannt;! symbol sequence to produce said spatial signature estimate 



\ 



49. The TDD antenna an'ay S-CDMA communications system as defined bv claim 47, 

wherein said spatial signature estimation means rorms a data convariance matrix of said 
muhichannel symbol sequence: 

wherein saiu spatiai siiinaturc estimation means calculates the principal ei^!envector of said data 
covariance matrix as said spatial signature estmnate. 

50. The TDD antenna amiy S-CDMA communications system as defined bv claim 46. wherein said spatial 
signature estimation means further includes: 

means for dcteiTninini! individual multipath parameters including direction of arrival (DOA) 
estimates associated with eacii of said terminals: 

wherein said DOA estimates are used in iocatmg said terminals and in assisting handoff. 

51. The TDD antenna array S-CDMA communications system as defined by claim 46, ^ herein said spatiai 
signature estimation means further includes, 

means for dctermminti an uplink power estimate associated with each of said terminals: 
wherein said uplink power estimate is used for power control. 

52. The TDD antenna array S-CDMA communications system ;is defined bv claim i. wherein said 
spatial signature estimation means further includes: 

means for obtaining uuiing offset estimates associated with each of said terminals, wherein said 
timing offset estimates are used fur synchronization of said tenninals. 
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